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In the context of correlated insulators, where electron-
electron interactions (U) drive the localization of charge
carriers, the metal-insulator transition (MIT) is described
as either bandwidth (BC) or filling (FC) controlled [1].
Motivated by the challenge of the insulating phase in
Sr2IrO4, a new class of correlated insulators has been pro-
posed, in which spin-orbit coupling (SOC) is believed to
renormalize the bandwidth of the half-filled jeff = 1/2
doublet, allowing a modest U to induce a charge-localized
phase [2, 3]. Naturally, the question arises whether in this
new framework the MIT can be driven by SOC. Previ-
ous attempts at revealing the role of SOC [4, 5] have been
hindered by concurrently occurring changes to the filling
[6–8]. We overcome this challenge by employing multi-
ple substituents that introduce well defined changes to the
signatures of SOC and carrier concentration in the elec-
tronic structure, as well as a new methodology that al-
lows us to monitor SOC directly. Specifically, we study
Sr2Ir1−xTxO4 (T = Ru, Rh) by angle-resolved photoemis-
sion spectroscopy (ARPES) combined with ab-initio and
supercell tight-binding calculations. This allows us to dis-
tinguish relativistic and filling effects, thereby establishing
conclusively the central role of SOC in stabilizing the in-
sulating state of Sr2IrO4. Most importantly, we determine
the critical value for spin-orbit coupling in this system to
be λc = 0.41 eV, and provide the first demonstration of a
spin-orbit-controlled MIT.
The familiar tools of chemical doping and pressure have
provided straightforward access to both FC and BC MIT in
conventional correlated insulators. In an effort to unveil the
role of SOC in the insulating behavior of Sr2IrO4, and whether
it can indeed drive a MIT, we have attempted to controllably
dilute SOC in the valence electronic structure by substituting
Ir (λSOC ∼ 0.4 eV [9–11]) with Ru and Rh (λSOC ∼ 0.19
eV [12–14]). While these substituents have similar values of
λSOC , they are otherwise electronically distinct: Ru has one
less electron than Rh, and is associated with a markedly larger
impurity potential. We will show through supercell tight-
binding model calculations that this leads to a pronounced
contrast in the consequences of Rh and Ru substitution: the
larger impurity potential associated with Ru precludes a sig-
FIG. 1. Dependence of the MIT on Rh and Ru substitution. a-d
ARPES spectra along Γ − X for the pristine sample, xRh = 0.22,
xRu = 0.40 and xRu = 0.20, respectively. e and f show Fermi
surface maps for x = 0.22 Rh and x = 0.40 Ru. The sizes of the
pockets are indicated with white lines. Fermi surface maps are inte-
grated over 50 meV. All data taken at hν = 64 eV with temperatures
between 120 K and 150 K for x ≤ 0.10, and below 40 K otherwise.
nificant reduction of the valence SOC. By comparison, Rh
is electronically more compatible with Ir, facilitating a suc-
cessful dilution of SOC. We measure this evolution directly,
through orbital mixing imbued by SOC, manifest experimen-
tally in the photoemission dipole matrix elements. To com-
prehend all aspects of the MIT observed here for both Rh and
Ru substitution, we consider individually the effects of fill-
ing (Fig. 1), correlations (Fig. 2), and spin-orbit coupling
(Figs. 3 and 4), ultimately concluding that the transition in
Sr2Ir1−xTxO4 is a spin-orbit controlled MIT.
Having highlighted the three relevant aspects of the MIT,
we begin our disquisition by showcasing the changes both
substituents introduce to the electronic structure of Sr2IrO4
as measured by ARPES. Fig. 1a-d summarize ARPES spec-
tra for x = 0, xRh = 0.22, and xRu = 0.20, 0.40. As re-
ported previously [2], the pristine sample supports an energy
gap, with a band maximum atX at a binding energy of around
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2FIG. 2. ARPES linewidth evolution with substitution. Energy
distribution curves (EDC’s) for Ru a and Rh b substituted samples,
taken at the momentum with the leading edge closest to the Fermi
energy. Photon energies and temperatures for the EDCs are the same
as in Fig. 1 c Momentum distribution curve (MDC) curves for xRu =
0.40 and xRh = 0.22. d MDC fits for xRu = 0.40 and xRh =
0.22. MDC data shown in c,d were taken using hν = 92 eV at a
temperature of 20 K.
Eb = 0.25 eV. When substituting Rh, a pseudo-gapped metal-
lic state forms for concentrations x & 0.13 [6–8]. This is
exemplified by our xRh = 0.22 data, shown in Fig. 1b and
1e. At comparable values of xRu, the system remains insu-
lating (cf. xRu = 0.20 in Fig. 1d), and only by going as
high as xRu = 0.40 (Fig. 1c, 1f) do we find that the MIT has
been traversed [15–17]. Within the metallic phase, the Fermi
surface volume provides a direct measure of the hole doping
introduced by the impurity atoms, We report a Brillouin zone
coverage of 16% and 46% for Rh and Ru respectively, corre-
sponding to a nominal doping of 0.16 holes (at xRh = 0.22)
and 0.46 holes (at xRu = 0.40), per formula unit. To within
this level of certainty, each impurity atom then contributes ap-
proximately one hole carrier, with Ru perhaps contributing a
somewhat larger number than Rh. This observation runs con-
trary to the expectations for a FC transition: despite contribut-
ing at least as many holes as Rh, the critical concentration
required for Ru is roughly double that of Rh. This precludes
a metal-transition described in terms of filling, despite earlier
reports to the contrary [6–8].
Looking beyond the disparate critical concentrations asso-
ciated with Ru and Rh substitution, analysis of the ARPES
spectral features allows for a more thorough comparison of
these materials to be made. The selected energy distribution
curves (EDCs) cut through the valence band maximum for
each doping in Fig. 2a (Ru) and 2b (Rh), reflecting the evo-
lution of each material across the MIT. This coincides with
a definitive Fermi level crossing in the EDCs of Fig. 2a and
b, from which we can infer the critical concentrations to be
xRh = 0.13 ± 0.03 and xRu = 0.30 ± 0.10, which matches
previous photoemission work on the Rh substituted compound
[6–8] (Ru-substituted samples have not previously been stud-
ied by photoemission). As the interpretation of EDC line-
shape is non-trivial [18], we turn to an analysis of momentum
distribution curves (MDCs) for a more quantitative analysis
of the evolution of correlation effects. The MDC linewidth
is directly related to the state lifetime, and by extension to
both electronic interactions and disorder [19–21]. Two rep-
resentative MDCs are shown in Fig. 2c for xRh = 0.22 and
xRu = 0.40. Widths from these, and other MDCs along the
dispersion are summarized in Fig. 2d. As can be inferred
by the comparison of data from 20 K and 150 K, correla-
tions, rather than thermal broadening, are the limiting fac-
tor in determining the MDC linewidth. Consideration of both
xRu = 0.40 and xRh = 0.22 reveal remarkably similar inter-
action effects in the two compounds, despite their significant
differences in composition and disorder.
We have thus determined that while doping effects are com-
parable for Ru and Rh, similar correlated metallic phases are
observed at very different concentrations. To rectify this ap-
parent contradiction, one must consider the context of the
present MIT: it has been proposed that the correlated insu-
lating phase in Sr2IrO4 is stabilized by the strong spin-orbit
coupling. This motivates consideration of the role SOC plays
in the MIT for both Ru- and Rh- substituted compounds. The
low-energy influence of SOC can be characterized by an effec-
tive value in the valence band, determined by the hybridization
between atomic species as demonstrated in Ref. 22 and 23.
This effect could cause a reduction of SOC effects in the va-
lence band as a function of (Ru,Rh) substitution. The resultant
reduction of SOC would however be highly dependent on the
ability of the substituent atoms to influence the overall elec-
tronic structure in the host material. In light of the reported
electronic phase separation for the Ru compound [24–26], this
suggests that such dilution of SOC may be more effective for
Rh, providing a natural explanation for their disparate critical
concentration in substituted Sr2IrO4 compounds.
This heuristic can be validated quantitatively through con-
sideration of impurity-substituted supercell models. Using
density-functional theory (DFT), at x = 0.25 substitution, in
Fig. 3a we observe good overlap between the Rh and Ir pro-
jected density of states (DOS). This can be compared against
the same scenario for Ru in Fig. 3b, where the substituent
DOS is found to align poorly with Ir. Such an offset, observed
most clearly through consideration of the centre of mass of the
Ru-projected DOS, has been reported previously for similar
substitutions [27, 28]. This establishes a reasonable starting
point from which we can explore the influence of doping on
SOC effects in more detail. This is carried out through devel-
opment of a supercell tight-binding (TB) model. We expand a
single iridium TB Hamiltonian (see Supplementary Informa-
tion) to a 64 site supercell, randomly substituting a fraction x
of sites with an impurity atom. For the sake of simplicity, the
impurities are assumed to differ from Ir in only their λSOC
(0.19 eV for both Ru and Rh, 0.45 for Ir) and onsite potential
(0.0 eV for Rh and Ir, 0.3 eV for Ru). Similarly, octahedral
distortions and electron correlations are neglected to better il-
lustrate the energy shift of the jeff states. We have used the
unfolding method [29–32] to project bands into the original
3FIG. 3. Reduction of SOC through supercell analysis. In a and b,
an analysis of the impurity potential of Rh and Ru in Sr2IrO4 is plot-
ted, as calculated by density-functional theory. The grey background
represents the total DOS, normalized by the number of TM sites. The
black curves show the Ir projected DOS per Ir ion in the 25% substi-
tuted calculation, while the orange and green colored curves reflect
the projected DOS per substituent ion for Rh and Ru respectively.
The arrows indicate the center of mass for the projected bands. c
Supercell calculated spectrum for xRh = 0.2 obtained after unfold-
ing. The splitting at the N point for the pure end members (x = 0.0
and x = 1.0) are denoted. d Cuts at N (EDCs) for different con-
centrations of dopants. The substituted atoms have different SOC
and on-site energy. We use λSOC = 0.19 eV and εi = 0.0 eV
for Rh (black), while we use λSOC = 0.19 eV and εi = 0.3 eV
for Ru (red). e Progression of the splitting between the outermost
peaks for simulations shown in d; also plotted in grey is a linear in-
terpolation between the end members of the phase diagram, which
exactly matches the black markers. The blue shaded area indicates
the inferred λc.
Brillouin zone. By averaging the resulting spectral function
over 50 random configurations, we observe a smooth evolu-
tion of effective SOC in this system which depends strongly
on the impurity potential.
The results are summarized in Fig. 3, with a representa-
tive unfolded spectrum (xRh = 0.20) plotted in Fig. 3c. The
level spacing at the N point, indicated by the vertical arrows,
is found to be a reliable measure of the valence SOC. This is
seen clearly in Fig. 3d, where we present a series of EDCs
along the N direction, for models with a non-zero on-site im-
purity potential (Ru, red), and those without (Rh, black). This
doping dependence is summarized in Fig. 3e. The right ver-
tical axis shows the splitting observed at the N point, and the
left the value of λSOC that would produce the correspond-
ing splitting at N in a model without substitutions. This sec-
ond axis serves to illustrate the effective spin-orbit coupling
caused by substitution of Ir with Rh and Ru. From the pro-
gression in Fig. 3e it is evident that Rh should dilute SOC
more efficiently than Ru: the black markers trace the inter-
polation between the values of Ir and Rh which is indicated
by the grey line. Meanwhile the modelled impurity poten-
tial for Ru prevents sucessful dilution of SOC. The results in
Fig. 3e suggest that the different critical concentrations for
the two substituents can be attributed to a common parame-
ter: a value for spin-orbit coupling of λc ∼ 0.41 (indicated
as a blue shaded area in Fig. 3e) yields critical concentra-
tions (xRh ∼ 0.15 and xRu ∼ 0.3) that fit well with our ex-
perimental observations. Theoretical results presented in Ref.
33 suggest that SOC in Sr2IrO4 is only marginally above the
threshold for the insulating state, and that such a small change
could drive the transition. The dilution of spin-orbit coupling
is therefore found to provide a compelling theoretical picture
of the transition.
Having demonstrated this evolution of SOC via substitution
and its ability to provide a natural explanation for the transi-
tion in Sr2Ir1−xTxO4, we aim to substantiate these predictions
experimentally. To establish a convenient metric for SOC,
we leverage the symmetry constraints of the photoemission
matrix element. Dipole selection rules allow transitions from
only certain orbitals: since dxz (dyz, dxy) is even (odd) in the
experimental scattering plane, states composed of this cubic
harmonic are only observable with pi- (σ) -polarization. As
SOC mixes these orbitals into linear combinations prescribed
by the jeff construction [2], we quantify SOC by compar-
ing the ratio of even/odd states at strategically chosen points
in the Brillouin zone where these symmetry-based selection
rules are most well defined. In the absence of SOC, the state
along Γ − Xx (defined in Fig. 4) in Sr2IrO4 would be of
pure dxz character: any photoemission from this state using
σ-polarization must be due to the admixture of dyz and dxy
introduced by SOC. More quantitatively, of interest here is the
value of Mσx , the matrix element at the Xx point, which we
normalize in our results through division by Mσy . A simula-
tion of this quantity based on an ab-initio tight binding model
for Sr2IrO4 with variable spin-orbit coupling is shown as a
black solid line in Fig. 4e. The model takes into account ef-
fects of experimental geometry as well as photon energy and
polarization; for further details refer to the Supplementary In-
formation. The curve shows a clear decrease of Mσx /M
σ
y as a
function of spin-orbit coupling, demonstrating the possibility
for a direct measure of λSOC via ARPES.
Motivated by the supercell calculations, we investigate the
progression of Mσx /M
σ
y experimentally in a series of Rh and
Ru substituted samples. In Fig. 4a-d we plot constant-energy
contours for each of the concentrations, as recorded with σ-
polarized light. To compare the different samples, we con-
sider constant energy maps at the energy which places the
state of interest at k = 0.75pi/a. Integrating the ARPES inten-
sity within the indicated regions of Fig. 4a-d yields the ratio
Mσx /M
σ
y . We can proceed to make a quantitative connection
with an effective spin-orbit coupling strength by plotting the
experimental data points alongside the simulated curve in Fig.
4e. The latter has been normalized to the experimental data for
pristine Sr2IrO4, allowing for an effective λSOC strength to
be extracted for the Rh/Ru substituted samples. This analysis
yields λSOC values of 0.443, 0.424, and 0.408 respectively. A
connection to the supercell calculations can be made through
these λSOC values: the associated impurity concentrations in
4FIG. 4. Observation of the reduction of SOC via the ARPES dipole matrix element. a-d Constant energy maps for different concentrations
of xRh, using σ-polarized light. The constant energy maps are integrated over 150 meV to improve numerical accuracy, and taken at an energy
such that the size of the pocket around X is the same for all concentrations. The relevant states used for the analysis are indicated using the
red boxes, and their integrated values are shown within. All data are taken at 64 eV, with temperatures at 120 K for x = 0 and xRu = 0.1, 70
K for xRh = 0.1, and 20 K xRh = 0.16, all chosen to mitigate the effects of charging. e Calculated ratio of matrix elements for a model of
Sr2IrO4 (details in the Supplementary Information), plotted as a function of spin-orbit coupling (black curve). The colored markers indicate
the ratio of the experimental values shown in panels a-d. The error bars are calculated from the standard deviation over the integrated range
in energy. The top axis in e indicates the substitution required to produce the spin-orbit coupling value on the bottom axis, predicted by the
supercell calculations in Fig. 3e.
Fig. 3e agree remarkably well with the actual experimental
values, made explicit in the case of Rh with the top horizon-
tal axis of Fig. 4e. This confirms the premise of our supercell
model and the sensitivity to the impurity potential for success-
ful dilution of λSOC . In connection to the MIT, the λc = 0.41
eV at xRh = 0.15 obtained from Fig. 3e is overlain in Fig.
4e. We note that λc is also likely affected by the concurrent
changes in filling and local Coulomb interactions. While the
precise value of λc may then vary between different members
of this material family, it is evident that SOC explains the di-
chotomy in critical concentration observed here, providing an
essential description of the MIT in Sr2Ir1−xTxO4 for both Rh
and Ru substitution.
The combination of SOC-sensitive techniques and the com-
parison of Ru and Rh substituted samples has put us in a
unique position to comment on the role of SOC in the metal-
insulator transition of Sr2IrO4. In our comparison of differ-
ent factors including filling, correlations, and SOC, the only
parameter that yields a satisfactory explanation for the di-
chotomy in critical concentration between Ru and Rh is spin-
orbit coupling itself, and the critical value λc = 0.41 eV could
be identified. We therefore conclude that SOC is essential to
the transition, demonstrating for the first time such an SOC-
controlled collapse of a correlated insulating phase. Through
doing so, as an important corollary to these results, our work
conclusively establishes Sr2IrO4 as a relativistic Mott insula-
tor.
Methods
Single crystals of Sr2Ir1−xRhxO4 were grown with nom-
inal concentrations of xRh = 0.0, 0.10, 0.16, 0.22 and mea-
sured with electron probe microanalysis to be within 0.01
of their nominal concentration. Crystals of Sr2Ir1−xRuxO4
were grown with nominal concentrations of xRu =
0.10, 0.20, 0.40. Measurements were carried out at the SIS
beamline at the Swiss Lightsource (Rh substituted samples)
and at the Merlin beamline at the Advanced Lightsource (Rh
and Ru substituted samples). All measurements were done on
freshly cleaved surfaces, where the pressure during measure-
ment and cleaving was always lower than 3.3 · 10−10 mbar.
Measurements used for inference of spin-orbit coupling val-
ues were performed with 64 eV photons, using light polarized
perpendicular to the analyzer slit direction (σ-polarization).
The rotation axis of the manipulator for the acquisition of the
Fermi surface was parallel to the slit direction. The sample
was mounted such that the Ir-O bonds (Γ−X) were aligned to
this axis of rotation. Temperatures were chosen as low as pos-
sible while mitigating the effects of charging and are reported
in the figure captions. A tight-binding model was constructed
from a Wannier orbital calculation using the Wannier90 pack-
age [34]. The Wannier90 calculations were performed on re-
sults from density functional theory calculations done with the
WIEN2K package [35, 36]. Supercell calculations and ma-
trix element calculations were done using in-house developed
code. Further details can be found in the Supplementary In-
formation. The DOS calcualtions presented in Fig. 3 were
performed with the WIEN2K package. The supercell config-
uration assumed a single layer with 8 TM ions per unit cell.
The presented results at x = 0.25 are similar to those found
for x = 0.125 and x = 0.5.
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